Background: Daily behaviors in animals are determined by the interplay between internal timing signals from circadian clocks and environmental stimuli such as light. How these signals are integrated to produce timely and adaptive behavior is unclear. The fruit fly Drosophila exhibits clock-driven activity increases that anticipate dawn and dusk and free-running rhythms under constant conditions. Flies also respond to the onset of light and dark with acute increases in activity. Results: Mutants of a novel ion channel, narrow abdomen (na), lack a robust increase in activity in response to light and show reduced anticipatory behavior and free-running rhythms, providing a genetic link between photic responses and circadian clock function. We used tissue-specific rescue of na to demonstrate a role for w16-20 circadian pacemaker neurons, a subset of the posterior dorsal neurons 1 (DN1 p s), in mediating the acute response to the onset of light as well as morning anticipatory behavior. Circadian pacemaker neurons expressing the neuropeptide PIGMENT-DISPERSING FACTOR (PDF) are especially important for morning anticipation and freerunning rhythms and send projections to the DN1 p s. We also demonstrate that DN1 p Pdfr expression is sufficient to rescue, at least partially, Pdfr morning anticipation defects as well as defects in free-running rhythms, including those in DN1 molecular clocks. Additionally, these DN1 clocks in wild-type flies are more strongly reset to timing changes in PDF clocks than other pacemaker neurons, suggesting that they are direct targets. Conclusions: Taking these results together, we demonstrate that the DN1 p s lie at the nexus of PDF and photic signaling to produce appropriate daily behavior.
Introduction
The daily activity of many animals, including the fruit fly Drosophila melanogaster, is largely determined by two processes: internal circadian timing signals and environmental stimuli, such as light and temperature. Circadian clocks allow animals to anticipate daily changes in the environment, and environmental stimuli drive behavior in response to these changes. The latter is often referred to as ''masking'' for its ability to mask underlying circadian rhythms. Together, these pathways determine an animal's temporal niche, i.e., whether it is active during the day or night.
In Drosophila, circadian behavior is mediated by about 150 circadian clock neurons that drive anticipatory activity peaks before lights-on (morning) and lights-off (evening) transitions in light/dark (LD) cycles. Within these neurons, the CLOCK/ CYCLE (CLK/CYC) heterodimeric transcription factor activates period (per) and timeless (tim), which in turn feed back to repress CLK/CYC activity in the principal clock feedback loop that times neural activity and behavior [1] . Morning anticipation is directed by PIGMENT-DISPERSING FACTOR (PDF)-expressing large and small ventral lateral neurons (lLN v s and sLN v s). Loss of PDF or its receptor (PDFR) results in reduced morning anticipation [2] [3] [4] [5] , whereas a functional clock in these PDF neurons (termed morning or M cells) is sufficient for morning anticipation [5, 6] . On the other hand, ablation of the dorsal lateral neurons (LN d s), PDF-negative sLN v , and several dorsal neurons (DN1s), i.e., evening (E) cells, virtually eliminates evening anticipation [5] .
M and E cells are coupled and cooperate to regulate circadian behavior. Flies with clocks only in E cells are capable of driving morning behavior, suggesting that E cells may communicate with M cells [5, 7] . Flies that lack PDF signaling exhibit phase-advanced evening anticipation [2] [3] [4] 8] and alterations in molecular oscillations of the sLN v s, LN d s, and at least some of the DN1s in constant darkness (DD) [9] [10] [11] [12] (although for the LN d s, see also [11] ). Changing the pace of M cells in DD dictates the pace of non-PDF pacemaker neurons as well as overt behavioral period [13] . In addition, M cells directly target E cells via PDF [14] to regulate morning anticipation, the phase of evening anticipation, and behavioral period in DD [15] . However, it remains unclear how the distinct subsets of E cells mediate different aspects of PDF-controlled behavior.
In contrast to our understanding of circadian networks, the neural circuits important for transmitting light information, especially through the central brain, remain unclear. Immediately following lights-on, flies display a robust burst of activity, referred to as normal masking. However, prolonged light exposure, particularly at high intensities (>1000 lux), results in activity suppression [16] . In addition, flies experience an activity burst immediately after lights-off (dark onset), referred to as paradoxical masking. Flies employ multiple photoreceptor organs, of which compound eyes, ocelli, and Hofbauer-Buchner eyelets [17, 18] may sense light to regulate masking behavior.
Although circadian and masking behavior can be separated, considerable evidence suggests that they are interdependent. Null mutants of the circadian clock component per (per 01 ) lack circadian behavior yet show robust masking responses [19] , indicating that the clock is not required for masking. However, several other mutants with poor or absent rhythms also exhibit masking defects, including mutants for the core clock transcription factors Clk, cyc, and the ion channel narrow abdomen (na). These mutants lack an acute, robust increase in activity immediately following lights-on yet retain a robust response to light-off [20] [21] [22] . The intensity of masking response is also under circadian regulation [23] . However, how clock and light signals are appropriately integrated is unclear. Here we identify a subset of circadian pacemaker neurons that can coordinate light and clock signals in daily behavior.
Results
Identification of GAL4 Drivers Expressed Specifically in the Circadian DN1 p Neurons As part of studies to identify enhancers important for the tissue-specific expression of Clk, we identified a fragment of the Clk promoter that drives GAL4 expression specifically in a subset of dorsal circadian pacemaker neurons. We analyzed two independent inserts of this line (Clk4.1M-GAL4 and Clk4.5F-GAL4) to drive expression of nuclear GFP (UAS-ngfp) and examined expression in pacemaker neurons via PER coimmunolabeling. We observed GFP expression in w4 DN1s for Clk4.5F-GAL4 ( Figure 1A ) and in w8-10 DN1s for Clk4.1M-GAL4 ( Figure 1B ) in each hemisphere, with no obvious GFP expression in other brain regions. The DN1s can be divided into two subgroups based on their anatomical localization: the two anterior DN1s (DN1 a s) and the rest, which are posterior DN1s (DN1 p s) [24] . The DN1 a s are thought to first appear in larvae and send projections ventrally to the vicinity of the sLN v s, whereas the projections of DN1 p s are restricted to the dorsal brain [24, 25] . To find out whether Clk4.5F-GAL4 and Clk4.1M-GAL4 are expressed in the DN1 a s, we used these two lines to drive expression of membrane GFP (UAS-mgfp) and examined the projection pattern of GFP-positive cells. We did not observe GFP-positive projections that extend ventrally to the sLN v s as previously reported for the DN1 a s [24] . Instead, the projections of the GFP-positive DN1s in both UAS-mgfp/+;Clk4.5F-GAL4/+ and UAS-mgfp/+;Clk4.1M-GAL4/+ appeared primarily in the dorsal brain ( Figures 1C  and 1D ). Projections that did extend ventrally terminated in the vicinity of the LN d s, suggesting that these GFP-positive cells are DN1 p s. To further confirm this, we examined whether Clk4.5F-GAL4 and Clk4.1M-GAL4 drive expression in the two larval DN1s, which are believed to develop into the DN1 a s in adults [24] . We did not observe GFP expression in larval DN1s (data not shown), consistent with the idea that these two GAL4 drivers are DN1 p specific. Therefore, we believe that both Clk4.5F-GAL4 and Clk4.1M-GAL4 drive expression specifically in the DN1 p s. Given its broader expression within the DN1 p s, we focus mainly on the Clk4.1M-GAL4 line here.
Rescue of na Expression in the DN1 p s Is Sufficient to Restore Morning Anticipatory Behavior and Light-Induced Activity The gene narrow abdomen (na), which encodes a putative cation leak channel [26] , has been established as a circadian output gene that regulates the timing of locomotor behavior [27] . Despite having intact PER oscillations in the LNs and DNs, na mutants display severe defects in both morning and evening anticipatory behavior and quickly lose behavioral rhythmicity after release into DD [27] . Additionally, unlike wild-type flies, exposure to light produces an acute and sustained suppression of activity in na mutants [20] , suggesting a role for na in light-mediated control of diurnal behavior. Rescue studies have implicated na function within pacemaker neurons and potentially the DNs in the regulation of morning behavior and lights-on response [27] , yet the lack of a driver specific to these cells has prevented further rigorous assessment of this hypothesis.
To further examine the involvement of the DN1 p s in mediating circadian output behavior and light-mediated activity, we rescued na expression (UAS-na; [27] ) exclusively in DN1 p s by using the Clk4.1M-GAL4 driver in a na har mutant background. na har mutants are strong hypomorphs with no detectable NA expression [20] . To quantify the direct effect of light on fly locomotor behavior in these flies, we assayed the acute masking index (AMI), which reflects the magnitude and direction of the activity response immediately following lights-on, and the sustained masking index (SMI), which reflects the response after prolonged exposure to light. We found that DN1 p rescue of na expression restored only the acute responsiveness to lights-on (AMI), but not SMI, compared to na har mutants ( Figure 2 ; Figure S1 available online).
We also asked whether DN1 p expression could rescue LD and DD circadian phenotypes in na mutants. Because morning activity can be masked by the lights-on response in LD, we quantified morning anticipation at the transition between the last day of LD and the first day of DD (DD1; Figure 2 ). We found that morning anticipatory behavior was also restored to near wild-type levels in the Clk4.1M-GAL4 rescue genotype ( Figure 2 ; Table 1 ; one-way ANOVA, Tukey's HSD post hoc test, p < 0.001). We did not observe a change in anticipatory activity upon na overexpression in wild-type flies (Table 1; Figure S1 ). In contrast to morning rescue, we failed to observe rescue of evening behavior under LD conditions. However, on DD1 we could discern an evening peak (Figure 2 ), suggesting that evening anticipation may be suppressed by light in LD. Yet DD rhythms were not sustained (Table 1) . Thus, DN1 p rescue demonstrates robust rescue of both the acute response to light and morning anticipation. 
PDFR Expression in the DN1 p s Is Sufficient to Rescue Morning Anticipatory Behavior and DD Phenotypes in Pdfr Mutants
Given the previous finding that PDF neurons drive both morning behavior and DD rhythms and that the sLN v s send projections to the vicinity of the DN1 p s [28] , we asked whether the DN1 p s might be direct targets of PDF. We used the Clk4.1M-GAL4 line used previously as well as the more narrowly expressing Clk4.5F-GAL4 line ( Figure 1 ) to express PDFR in the DN1 p s of Pdfr null mutants (Pdfr han5304 ; [3] ). In LD, Pdfr mutants exhibited phase-advanced evening anticipation (Figures 3A and 3B), consistent with previous studies [3, 4] . This evening phase phenotype was not rescued by DN1 p expression of PDFR (Figures 3C and 3D ; Figures S2A and S2B; Table S1 ). As described previously [3, 4] , Pdfr mutants also exhibited much reduced morning anticipation (Figures 3E and 3F; Table 2 ; Student's t test, p < 0.05). In contrast to the evening phase phenotype, morning anticipation was rescued by both Clk4.5F-GAL4-( Figure 3G ; Figure S2C ; Table 2 ; Student's t test, p < 0.05) and Clk4.1M-GAL4-driven expression of PDFR ( Figure 3H ; Figure S2D ; Table 2 ; Student's t test, p < 0.05). Thus, similar to na rescue in LD, we observed rescue of morning but not evening phenotypes in Pdfr mutants.
Behavioral rhythms of Pdfr mutants damp in DD and are accompanied by a shorter period (Table 2; Figure S3 ). We found that the short DD period phenotype of Pdfr mutants was rescued by Clk4.1M-GAL4-driven expression of PDFR (Table 2; Figure S3 ; Student's t test, p < 0.001). We also observed significant improvement of rhythm amplitude with Clk4.1M-GAL4-driven expression of PDFR (Table 2 ; Figure S3 ; Student's t test, p < 0.05), but not with the more restricted Clk4.5F-GAL4 line. Taken together, these results indicate that PDFR expression in the DN1 p s is sufficient for normal DD period and for improved rhythms.
PDFR Expression in the DN1 p s of Pdfr Mutants Alters the DN1 Clock
Weakened free-running behavioral rhythms are accompanied by defects in the core molecular clock of circadian pacemaker neurons in Pdf or Pdfr null mutants [10] [11] [12] 27] . On day 9 of DD (DD9), PER oscillation is phase dispersed in the PDF-positive sLN v s and phase advanced with reduced amplitude in the Acute masking index (AMI), sustained masking index (SMI), first day of constant darkness (DD1) morning anticipation index, DD free-running period, DD rhythmic power, and percent of flies with detectable DD rhythmicity (%R) values were calculated as described in Supplemental Experimental Procedures. All values are given as mean 6 standard error of the mean. n = 38-87.
LN d s [10] . PER oscillations are damped in the DN1 p s during DD [11, 12] . To test whether DN1 p expression of PDFR in Pdfr mutants suppresses the molecular phenotypes in circadian pacemaker neurons, we assayed PER oscillation in the sLN v s, LN d s, and DN1s of Pdfr han5304 ;;UAS-Pdfr/+ and Pdfr han5304 ;;Clk4.1M-GAL4/UAS-Pdfr flies by performing PER immunolabeling at different time points on DD9. Here we observed a weak PER oscillation (p < 0.01) in the DN1s of Pdfr han5304 ;;UAS-Pdfr/+ flies that peaks at circadian time 12 (CT12, i.e., 12 hr after subjective lights-on), whereas in Pdfr han5304 ;;Clk4.1M-GAL4/UAS-Pdfr flies, PER levels peaked between CT18 and CT1 in the DN1s (Figures 4A and 4C ). This phase change is consistent with the observation that Clk4.1M-GAL4 drives expression in the DN1 p s and that PDFR function in the DN1 p s sustains and resets PER oscillations [11] . In contrast to the DN1s, we observed only modest changes in PER oscillations in the sLN v s and LN d s (Figures 4B and 4C) . In DN1 p rescue flies, there was a change in the sLN v rhythm and a phase delay in LN d rhythms, which may reflect coupling between the DN1 p s and LNs (Figures 4B and 4C) . Indeed, the DN1 p s are in close vicinity to the PDF-positive sLN v dorsal projections [28] and the LN d s (Figure 1 ). Ultrastructural studies have identified potential sites of synaptic inputs on these dorsal projections, suggesting that they could receive DN1 p inputs [29] . Behavioral studies have also suggested reciprocal feedback from non-PDF neurons to PDF neurons [5, 7] . Overall, these results suggest that PDFR expression in the DN1 p s of Pdfr mutants alters the molecular clock of DN1 pacemaker neurons, further supporting the role of this receptor in this neuronal subset.
The DN1 Clock Is Highly Sensitive to PDF Resetting Changing the period of PDF neural clocks in DD changes the speed of non-PDF oscillators, including the LN d s, DN1s, and Figure S2 and Table S1 for additional data.
DN3s [13] , highlighting the master pacemaker role for PDF clocks. In this study, the molecular oscillations had been examined on DD4. To better understand the kinetics of this phase-resetting process, we changed the pace of PDF neuron clocks and examined how this affected the clock in other pacemaker neurons on day 2 of DD (DD2) by performing PER immunolabeling. Here, we used GAL4 under the control of the Pdf promoter (Pdf-GAL4; [2] ) to express RNA interference (RNAi) directed against the beta subunit of the circadian kinase CK2 (UAS-CK2bRNAi; [4] ). This manipulation lengthens DD behavioral period by w6 hr. Consistent with the idea that DD period is determined by the PDF-positive sLN v s [13] , we found that PER oscillations in the PDF-positive sLN v s of Pdf-GAL4,UAS-CK2bRNAi/+ flies peaked at CT14 on DD2, w12 hr out of phase with UASCK2bRNAi/+ controls ( Figures 5A and 5C ). This is consistent with an w6 hr phase delay per day.
To examine the effects of the phase-delaying PDF-positive sLN v clock on non-PDF pacemaker neurons, we focused on subsets of E cells, including the LN d s, PDF-negative sLN v , and DN1s. We found that PER oscillations in the LN d s and PDF-negative sLN v of Pdf-GAL4,UAS-CK2bRNAi/+ were comparable to that of the wild-type control ( Figures 5A and  5C ), i.e., these cells failed to synchronize to the slower sLN v clocks. In contrast, the DN1 PER oscillation in Pdf-GA-L4,UAS-CK2bRNAi/+ was damped ( Figures 5B and 5C ). One possibility is that conflicting signals from the sLN v s and LN d s may result in desynchrony between subsets of DN1s. To test this hypothesis, we examined the variation of PER intensities within a cluster, where desynchronization would result in high variance between individual cells. However, we did not observe a larger within-cluster standard deviation among the DN1s of Pdf-GAL4,UAS-CK2bRNAi compared to UASCK2bRNAi/+ flies (Table S2 ; Supplemental Experimental Procedures). Thus, the lack of evident PER oscillations in the DN1s is likely the result of damped PER oscillations at the single-cell level. Consistently, we observed damped behavioral rhythms by DD2 in Pdf-GAL4,UAS-CK2bRNAi flies ( Figures S4A and S4B ), consistent with a role for the DN1 clock in sustaining DD rhythmicity. Taken together, the DN1s are more sensitive than the LN d s and PDF-negative sLN v to the period change in the PDF-positive sLN v s.
To further investigate the sensitivity of DN1 clocks to PDF neurons, we expressed a temperature-sensitive dominant-negative dynamin shibire ts1 (shi ts1 ) in PDF neurons. We showed previously that this manipulation results in a more modest w2 hr longer DD behavioral period [30] . We hypothesized that shi modulates feedback to regulate the pace of the core clock. In order to accumulate a sizable phase shift in the molecular oscillations of pacemaker neurons that would be easily detectable by PER immunolabeling, we examined PER oscillations in Pdf-GAL4/+ and Pdf-GAL4/+;UAS-shi ts1 /+ flies on DD3. We found that PER oscillations in the PDF-positive sLN v s of Pdf-GAL4/+;UAS-shi ts1 /+ flies were w4-8 hr delayed compared to Pdf-GAL4/+ (Figures S5A and S5C) , consistent with an w2 hr phase delay per day. The DN1 clock also appeared to be phase delayed, with its peak and trough shifted by 4-8 hr ( Figures S5B and S5C) , whereas the LN d clock did not exhibit a clear delay (Figures S5A and S5C ). Taken together, the shi ts1 data provide further independent evidence of the sensitivity of the DN1 clocks to PDF neuron phaseresetting signals, in contrast to those of the LN d s and PDFnegative sLN v .
Discussion
We have demonstrated here that the DN1 p pacemaker cells coordinate both circadian signals and light information to regulate diurnal activity in Drosophila. Using novel GAL4 drivers that target the DN1 p s, we found that na expression in the DN1 p s is sufficient to rescue the acute masking response and morning anticipation and to partially rescue DD1 evening behavior. These same neurons are likely direct targets of PDF, because Pdfr expression in the DN1 p s is sufficient to rescue morning anticipatory behavior and DD period phenotypes of Pdfr mutants. Consistent with behavioral rescue, we also observed changes in molecular oscillations of the DN1s of Pdfr mutants expressing PDFR in the DN1 p s relative to Pdfr mutant controls. Changing the pace of PDF neuron clocks in DD affects the DN1 clock, but much less so the clocks in the other E cell subsets (i.e., the LN d s and PDF-negative sLN v ), suggesting that the DN1s are more sensitive to PDF signaling than other E cell subsets.
Although considerable investigation has focused on the role of circadian clocks in regulating daily behavior, relatively little is known about the neural substrates of masking, and even less about the central brain targets mediating photic responses. Using rescue of na mutants, we identified a small cluster of w16-20 DN1 p neurons that play a critical role in mediating acute response to light onset. Notably, these neurons are also identifiable by their expression of the transcription factor GLASS (GL), which is important for the development and/or maintenance of photoreceptor cells and the DN1 p s [28, 31, 32] . gl mutants also exhibit masking phenotypes with suppressed activity immediately following lightson, similar to na mutants. Although the visual system is likely an important contributor to masking response [18] , the masking phenotypes of gl mutants are reported to be more severe than loss of the visual system alone [12, 32] . Our data suggest that the loss of the DN1 p s in gl mutants could account for this difference. Given that the DN1 p s are GL expressing, it raises the possibility that the DN1 p s themselves may be directly photoreceptive, perhaps through the DN1-expressed blue light photoreceptor CRYPTOCHROME (CRY) [33] [34] [35] or other opsin-based systems [25] . With regard to CRY, PDF-dependent molecular defects are especially evident in the CRY-positive subset of the DN1 p s [11] , and here we have demonstrated Clk4.1M-GAL4 rescue of PER phase and rhythms in the DN1, consistent with Clk4.1M-GAL4 expression in this CRY-positive subset. It is also been observed that Clk4.1M-GAL4 drives expression at least in the CRY-positive subset of DN1 p neurons (see the related paper by Y. Zhang et al. in this issue of Current Biology [36] ). Nonetheless, the masking defects present in na mutants are more severe than those observed in cry mutants, suggesting that multiple or other photoreceptors are involved.
In addition to the role of the DN1 p s in mediating acute light responses, we also have demonstrated a role for the DN1 p s in mediating morning anticipation. Using DN1 p -specific rescue of two independent mutants, na and Pdfr, we observed rescue of their morning anticipation phenotypes. Prior reports had demonstrated a role for non-LN v clocks in driving behavior at the morning phase, but this was likely due to antiphase molecular oscillations in these cells [37, 38] . In contrast, the DN1s of Pdfr mutants do not display an altered clock in LD [15] ; these studies further support the idea that PDF engages DN1 p neural output to regulate morning anticipation. This idea is consistent with prior reports showing acute effects of PDF on neuronal excitability [39] . One intriguing possibility is that the connection between PDF and excitability may be mediated by NA, because NA orthologs in mammals may function downstream of peptide receptors [40] .
In contrast, we did not observe rescue of evening anticipation in na mutants in LD, or of evening phase in Pdfr mutants. We had previously shown that Pdfr expression in E cells (DN1s, LN d s, and the PDF-negative sLN v ) could rescue evening phase or anticipation in both Pdfr and na mutants [15, 27] . Thus, our data suggest either that expression in Clk4.1M-GAL4-defined DN1 p s is not sufficient or that expression in the non-Clk4.1M-GAL4-expressing E cells mediates this behavior. Taking our results together, it is possible that the non-Clk4.1M-GAL4 E cells (i.e., the non-Clk4.1M-GAL4 DN1 p s, DN1 a s, LN d s, and the PDF-negative sLN v ) regulate the phase of evening anticipation, whereas the Clk4.1M-GAL4 DN1 p s regulate morning anticipation and DD period.
In addition to PDF effects on DN1 p output, we also observed PDFR resetting effects on DN1 p clocks. We observed a DN1 clock with altered phase and amplitude in mutants relative to the DN1 p rescue flies. PDF-dependent changes in the pace Clk4.5F-GAL4/UAS-Pdfr 0.67 6 0.10 24.0 6 0.0 70 6 8 95 Clk4.1M-GAL4/UAS-Pdfr 0.52 6 0.13 23.9 6 0.1 72 6 14 80
First day of constant darkness (DD1) morning anticipation index, DD freerunning period, DD rhythmic power, and percent of flies with detectable DD rhythmicity (%R) values were calculated as described in Supplemental Experimental Procedures. All values are given as mean 6 standard error of the mean. n = 15-53. See Figure S3 for additional data.
and rhythm of non-LN v clocks have been observed [11, 41] . Published studies have demonstrated that molecular oscillations in the DN1 p s damp in Pdf mutants [9, 11, 12] , but these studies were performed earlier in DD (on or before day 5 of DD) and/or with only two-time-point resolution. Here, on DD9 with four-time-point resolution, we observed a weak PER oscillation (w1.5-fold) in Pdfr mutants. Notably, crude phase was altered by w12 hr in the DN1 p PDFR rescue flies relative to the mutants, consistent with an w1 hr shorter period in Pdfr mutants that was rescued by PDFR expression in the DN1 p s over the 9 days of DD. These results suggest that improvement in period and rhythmicity observed in DN1 prescued Pdfr mutants may be based in part on changes in DN1 p clocks.
To further examine the strength of the PDF/DN1 p connection, we slowed the PDF neuron clock by expressing CK2bRNAi or shi ts1 , which lengthen the period of the clock by w6 and w2 hr, respectively, and assessed the downstream effects on different pacemaker neural clusters. We found that these manipulations did not substantially affect the clocks in the LN d s and PDF-negative sLN v , whereas they damp (in the case of CK2bRNAi) or phase delay (in the case of shi ts1 ) the clock in the DN1s. Consistent with the notion that the DN1s are PDF sensitive is the finding that the LN d clocks cycle robustly for several days in DD in Pdf 01 whereas the DN1 p clocks quickly damp in DD [10] [11] [12] . It has been noted by Stoleru et al. that changing the pace of the PDF neuron clock by expression of the clock kinase SHAGGY (SGG), which shortens period by 3-4 hr, results in phase-advanced clocks in both the LN d s and DN1s by DD4 [13] . However, a closer examination of their data suggests that the LN d effects may lag those in the DN1, consistent with our observations. In addition, in the case of shi ts1 and CK2bRNAi, we looked earlier (DD2 or DD3), and we more strongly affected clock speed (i.e., CK2bRNAi). Thus, we may have observed different clocks shifting at different rates in response to PDF neuron manipulations. We observed a lack of PER oscillation in the DN1s of Pdf-GAL4,UAS-CK2bRNAi/+ flies. This is also consistent with studies in mammals showing that the oscillations in some peripheral tissues damp after being subjected to large, abrupt phase shifts [42] . At the same time, we observed reducedamplitude behavioral oscillations in these Pdf-GAL4,UASCK2bRNAi/+ flies, implicating a role for the DN1 clock and/or output in regulating DD behavior. Consistent with the DN1-specific effects observed in Pdf-GAL4,UAS-CK2bRNAi/+ flies, we found that PER oscillation in the DN1s of Pdf-GAL4/+;UASshi ts1 /+ flies was phase delayed relative to the control. Thus, changing the pace of the PDF neuron clock changes the pace of the DN1 clock, but not the LN d clock. Taken together, these results suggest that the molecular clock in the DN1s is more sensitive to PDF neuron/PDF signaling than that of the LN d s and PDF-negative sLN v , further supporting the notion that the DN1s are bona fide targets of the PDF neurons. It will be of interest to determine the molecular basis of the differential sensitivity to PDF resetting signals within the clock network.
Given the important role of the DN1 p s in light-and PDFdriven behaviors, we hypothesize that these two pathways may be linked. Considerable evidence has linked PDF, and especially the lLN v s, to light-driven arousal [43] [44] [45] . These light-driven PDF effects may target the DN1 p s, leading to elevated locomotor activity. However, flies lacking PDF still retain responses to lights-on, suggesting a role for PDF-independent pathways in acute light responses.
One possibility is that clock-driven PDF effects and/or the DN1 clock might gate behavioral light responses. In DN1 prescued na mutants, we observed a robust response to lights-on but a light-mediated suppression of evening anticipation, evidenced by comparing evening behavior in LD versus DD1 (Figure 2) . We believe that the clock, acting directly within the DN1s and/or LN v -derived PDF, may gate photic responses such that light in the morning stimulates activity Table S2 for additional data.
whereas light in the evening suppresses activity. Notably, the clock in the larval sLN v s serves a similar gating function in mediating acute responses to light [46] . Consistent with this hypothesis are the robust lights-on masking defects observed in Clk and cyc mutants. In vertebrates, there is also a close link between circadian behavior and the direct effects of light on behavior. For example, diurnal and nocturnal animals have both antiphase free-running rhythms and opposing behavioral responses to light [47] . Given the close conservation in the circadian systems between flies and mammals, it will be of interest to determine the anatomical loci of light and clock signaling in higher organisms.
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